The presence of unburned material in the ejecta of normal Type Ia supernovae (SNe Ia) is investigated using early-time spectroscopy obtained by the Carnegie Supernova Project (CSP). The tell-tale signature of pristine material from a C+O white dwarf progenitor star is the presence of carbon, as oxygen is also a product of carbon burning. The most prominent carbon lines in optical spectra of SNe Ia are expected to arise from C II. We find that at least 30% of the objects in the sample show an absorption at ≈6300Å which is attributed to C II λ6580. An alternative identification of this absorption as Hα is considered to be unlikely. These findings imply a larger incidence of carbon in SNe Ia ejecta than previously noted. We show how observational biases and physical conditions may hide the presence of weak C II lines, and account for the scarcity of previous carbon detections in the literature. This relatively large frequency of carbon detections has crucial implications on our understanding of the explosive process. Furthermore, the identification of the 6300Å absorptions as carbon would imply that unburned material is present at very low expansion velocities, merely ≈1000 km s −1 above the bulk of Si II. Based on spectral modeling, it is found that the detections are consistent with a mass of carbon of 10 −3 -10 −2 M ⊙ . The presence of this material so deep in the ejecta would imply substantial mixing, which may be related to asymmetries of the flame propagation. Another possible explanation for the carbon absorptions may be the existence of clumps of unburned material along the line of sight. However, the uniformity of the relation between C II and Si II velocities is not consistent with such small-scale asymmetries. The spectroscopic and photometric properties of SNe Ia with and without carbon signatures are compared. A trend toward bluer color and lower luminosity at maximum light is found for objects which show carbon.
INTRODUCTION
The generally favored picture of a Type Ia SN (SN Ia) is the thermonuclear explosion of a C+O white dwarf (WD) star as proposed by Hoyle & Fowler (1960) . The WD is assumed to belong to a binary system, and to explode when it reaches the Chandrasekhar mass limit (M Ch ) via two main, alternative channels. In the singledegenerate scenario, a main-sequence or giant companion star transfers mass to the WD by Roche-Lobe overflow (Whelan & Iben 1983; Nomoto 1982; Iben & Tutukov 1984) . Alternatively, in the double-degenerate scenario, the companion star may be another WD, and the M Ch limit is reached or exceeded when both objects coalesce (Iben & Tutukov 1984; Webbink 1984) . The actual incidence of each of these evolutionary paths is currently under debate.
Further controversy regarding the physical nature of SNe Ia is related to the mechanism by which the thermonuclear flame propagates inside the WD (see Hillebrandt & Niemeyer 2000 , and references therein). It is generally believed the explosion initiates as a deflagration, or subsonic flame (Nomoto, Sugimoto & Neo 1976) . If the WD explodes as a prompt detonation, then no intermediate-mass elements would be left in the outer ejecta, as opposed to the observational evidence, and in contradiction with the chemical evolution of the interstellar medium (Arnett, Truran & Woosley 1971) . A pure deflagration, however, would not provide the necessary energy and nucleosynthesis to explain most normal SNe Ia (see, e.g. Gamezo, Khokhlov & Oran 2005) . It seems that a delayed detonation, i.e. a transition to a supersonic regime after the WD is pre-expanded in the deflagration phase, is necessary in order to reproduce the typical and bright SNe Ia (Khokhlov 1991; Höflich, Khokhlov & Wheeler 1995) . The mechanism that produces the transition is not completely understood, mostly due to the complexity of flame-propagation physics and the limited resolution of current models.
Despite these unknowns, SNe Ia are successfully employed as precision cosmological distance indicators due to their homogeneous properties. Their peak luminosities can be calibrated through the observed light-curve width and color to provide distances with a precision of ∼0.1 mag or better (e.g., see Folatelli et al. 2010b , and references therein). This calibrated precision led to the discovery of the acceleration in the current expansion rate of the Universe (Riess et al. 1998; Perlmutter et al. 1999) .
Some spectral characteristics, such as the strength of Si II lines near maximum light, show variations that are correlated with photometric properties. Temperature in the ejecta has been identified as a possible driver of this luminosity-related spectral diversity (Nugent et al. 1995) . Temperature in turn depends on the amount of 56 Ni synthesized during the explosion, thus providing a neat physical picture for SNe Ia. However, this one-parameter picture is insufficient to describe inhomogeneities in other photometric and spectroscopic properties that have been observed to vary independently of luminosity. Moreover, the connection of 56 Ni mass with temperature produces changes in the opacity which lead to more complex effects in the observed properties (Höflich & Khokhlov 1996; Pinto & Eastman 2000) . Kasen & Woosley (2007) performed a detailed study of the line blanketing effects on the light curves and spectra.
The origin of these inhomogeneities has recently been linked to varying properties of the progenitor and explosion mechanism (e.g., see Höflich et al. 2010; Maeda et al. 2011) . The latter determines the extent of burning and the degree of mixing of ashes and unburned fuel within the ejecta. During the last decade, multi-dimensional calculations have been introduced in an attempt to fully reproduce the burning process from first principles (see Maeda et al. 2010b , and references therein). These models, although still relatively rudimentary, naturally introduce a variety of effects which may succeed in reproducing several aspects of the observed spectral diversity. For example, an asymmetric explosion, in which the thermonuclear reaction is ignited at an offset from the WD center, provides an explanation not only for the observed scatter of the peak magnitudes (Kasen et al. 2009 ), but also for the diverse velocity and velocity gradient seen in the Si II λ6355 line (Maeda et al. 2010c) .
It is an observational fact that spectral inhomogeneities are stronger before or near maximum light than later on (Benetti et al. 2005; Branch et al. 2007) . At these early stages the outer part of the ejecta is observed. Under the assumption of homologous expansion (e.g., see Röpke 2005) , this outer material moves at high velocities (v 10000 km s −1 ). As a consequence, observations indicate that, whatever the variations in the progenitor system and explosion mechanism are, the most noticeable effects appear in the fast-expanding, outer regions of the ejecta. Variations are commonly observed among normal SNe Ia in the relative strength of spectral lines, the evolution of expansion velocities, the appearance of high-velocity components, and the presence of different ionization states, among other properties (e.g., see Nugent et al. 1995; Benetti et al. 2005; Mazzali et al. 2005) . The study of pre-maximum spectra thus promises to be very useful in the validation of proposed models.
A relevant characteristic which can be studied using early-time spectra is the possible presence of unburned material in the outer ejecta. Most of the available models predict that part of the primordial WD material composed of carbon and oxygen is left unburned. The amount and location of this unburned material has direct implications in the validity of the models. Since oxygen is also a product of carbon burning, it is the detection of carbon what would most clearly evidence the existence of unburned material. Furthermore, singly-ionized states of both C and O are expected to be dominant in the outer ejecta (v >10000 km s −1 ; Tanaka et al. 2008 ). Due to high excitation temperatures of O II, however, no strong lines of this ion appear in the optical range. Some strong O I transitions produce observed absorptions which are blended with lines of Mg II, another product of carbon burning. At sufficiently low temperature, C I lines are expected to appear, most prominently in the near-IR (Marion et al. 2006) , however this condition is not likely to occur in the regions of the ejecta probed before maximum light. The same is true for the high-temperature condition required to produce C III lines, unless non-LTE effects play an important role. Consequently, the possible detection of unburned material must rely on the presence of C II lines.
Until recently, the detection of carbon lines in SN-Ia spectra was uncommon. C II lines have been clearly identified in optical spectra of a few peculiarly luminous, slowly expanding objects which have been suggested to arise from super-Chandrasekhar mass progenitors (e.g., Howell et al. 2006; Hicken et al. 2007; Yamanaka et al. 2009b; Scalzo et al. 2010) . In normal objects, the evidence of carbon is given by a weak absorption feature at ≈6300Å attributed to C II λ6580 (Mazzali 2001; Branch et al. 2003; Thomas et al. 2007 ). An alternative identification of this absorption as Hα was suggested by Garavini et al. (2004) for SN 1999aa at 11 days before maximum light. The evidence, however, was not conclusive. Hydrogen from the companion star or a circumstellar envelope could be mixed in the outer layers of the ejecta and possibly be detected in spectra at phases between 15 and 5 days before maximum. Based on spectral synthesis calculations, Lentz et al. (2002) showed that Hα can produce the 6300Å absorption at such early phases if they assumed the existence of ∼10 −2 M ⊙ of hydrogen at v > 15000 km s −1 . However, such a large amount of hydrogen is in contradiction with the limit of ∼10 −7 M ⊙ imposed by mass-transfer models (Nomoto et al. 2007) .
In this paper, we analyze the presence of the C II λ6580 line in a sample of pre-maximum spectra obtained by the Carnegie Supernova Project (CSP; Hamuy et al. 2006) , and thereby infer the incidence of unburned material in normal SNe Ia. In Section 2 we make a brief description of the spectroscopic data, most of which will be presented by Folatelli et al. (2011) , and provide the evidence supporting the detection of C II lines. The alternative of hydrogen is also studied. In Section 3 we analyze the spectroscopic properties of SNe Ia with carbon in comparison with those which show no clear evidence of it. Section 4 presents a comparative study of photometric properties of SNe with and without carbon. Finally, in Section 5 we briefly discuss our results in light of the available explosion models. Note that between the presentation of a preliminary report on this work (Folatelli 2010a ) and submission of the current paper, Parrent et al. (2011) published similar results to the ones presented here, confirming a significantly higher incidence of carbon in SNe Ia spectra than previously noted. In Section 5, we compare the findings of the paper by Parrent et al. (2011) with the conclusions of our own study.
DATA SET AND CARBON DETECTION
We base the current work on the sample of optical spectra presented by Folatelli et al. (2011) . This sample consists of 588 spectra of 82 SNe Ia observed by the CSP between 2004 and 2009. In searching for signatures of unburned material, we only consider the pre-maximum phases. This is because any primordial C-O rich material left by the explosion should lie in the outer parts of the ejecta, and is thus most easily detectable at the earliest stages (Tanaka et al. 2008) . For completeness, we have added to the sample of Folatelli et al. (2011) other spectra in the CSP database which were obtained before maximum light. These additional spectra belong to SNe 2008hj, 2009I, and 2009cz . The present sample amounts to 157 spectra of 51 SNe Ia with ages between −12 and 0 days. Table 1 provides the list of SNe used in this work. The same table also gives the epoch of the first spectrum, the class of carbon detection as defined in Section 2.1, and several photometric parameters which are used in Section 4. Table 2 contains information of each spectrum.
We have also included SN 2009dc which is a luminous, slowly expanding SN Ia suggested to arise from a super-Chandrasekhar mass progenitor (Yamanaka et al. 2009b; Tanaka et al. 2010; Silverman et al. 2011; Taubenberger et al. 2011) . For consistency, we only include the pre-maximum spectra of this SN in Table 2 , although it showed strong C II features which persisted after maximum light. In light of the peculiar nature of this object, we will treat it in Section 3 as a reference case to see whether there is a connection with the normal SNe Ia studied here.
2.1. The Search for C II As mentioned in Section 1, carbon is the only element which can be identified with purely unburned material from a C+O WD progenitor. Oxygen instead could be due to a mixture of pristine material and ashes from C burning. According to Tanaka et al. (2008) , the dominant carbon ionization state in the outer parts of the ejecta is C II. Therefore, in our study of pre-maximum spectra, we search for signatures of unburned material in the form of C II features.
The four strongest C II lines at optical wavelengths are: C II λ4267, λ4745, λ6580, and λ7234. Of these, the most prominent in SNe Ia spectra is expected to be C II λ6580 (e.g., see Hatano et al. 1999; Mazzali 2001) . Even if C II λ4745 has a lower oscillator strength than C II λ6580, it may become comparably strong at temperatures of ≈5000 K due to its lower excitation energy. However, at such low temperatures, the blue part of the spectrum is dominated by Ti II lines, which complicates the identification of this carbon feature. For expansion velocities between 10000 and 20000 km s −1 the C II λ6580 line should produce absorption between 6170Å and 6370Å, which lies on the red side of the Si II λ6355 line. We have therefore focused the search for unburned material in this wavelength region.
Visual inspection of the spectra allowed us to divide the present SN sample into three main groups. First, those SNe which show no apparent absorption but rather a clear emission component of the Si II λ6355 line. They are marked with "N" (i.e., "no detection") in Table 1 . Objects that do show a clear absorption feature, usually centered at ≈6320Å are indicated with an "A" (i.e., "absorption") in Table 1 . An intermediate case is that of SNe which show no clear absorption but an apparently suppressed Si II λ6355 emission component. Because of the flat emission profile, these are labeled "F" (i.e., "flat emission") in Table 1 . We note that the distinction between groups A and F is not a quantitative one, and the specific classification may depend in each case on the quality of the available data. Nevertheless, this does not affect the results of the forthcoming analysis. Finally, for those cases which are inconclusive -typically due to data with low signal-to-noise ratio-we have added a "?" to the identification. In the cases of SNe 2007S, 2008ar, 2008gp, and 2009ad , the available spectra do not cover the wavelength range under scrutiny and thus we are not able to classify them according to the presence of the putative C II λ6580 line. Figure 1 shows the spectra which belong to group A in the wavelength regions of the four C II lines. Figure 2 shows the spectra with flat Si II λ6355 emission. In the left panel we include SNe in the F group while in the right panel objects are classified as "F?". As a comparison, several "non-detections", i.e SNe in group N, are shown in Figure 3 .
We have subsequently studied the spectral regions corresponding to the other three C II lines in search of similar features which may help consolidate the identification with this ion. Although in the case of some A-type objects other absorptions at the right locations can be seen (Figure 1 ), these are usually very weak and it is difficult to clearly associate them with C II. In particular, the two lines on the blue part of the spectrum are subject to severe blending into stronger lines, mainly of Mg II, Si II, S II and Fe II. Moreover, an absorption matching the expected position of the C II λ4745 line is seen in most of the spectra, irrespective of the SN belonging to the A, F or N types. The absorption due to C II λ7234, depending on the redshift and expansion velocity, may lie near the 6900Å telluric band, which may affect the detection if the atmospheric feature is not accurately removed. A more careful identification of spectral lines can be carried out using the highly parameterized supernova synthetic spectrum code SYNOW (see Branch et al. 2002, and references therein) . Examples of synthetic spectra compared with observations are shown in Figures 4 through 7. Due to the approximations involved in SYNOW (spherical symmetry, sharp photosphere, LTE, Sobolev line formation, etc.), the synthetic spectra are not expected to produce a perfect match to the observed flux and line profiles. Nevertheless, SYNOW is useful for identifying spectral features with the species which produce them, specifically by reproducing the location of observed absorptions with predicted lines of a given ion. Table 3 provides a summary of the main parameters used to produce the synthetic spectra shown in Figures 4 through 7. In order to simplify the analysis, several other parameters have been left fixed. In particular, we have adopted a power law of index 8 for the dependence of the optical depth on velocity, up to 30000 km s −1 . We have also fixed the excitation temperature to T exc = 12000 K for all species.
Figures 4 and 5 show the cases of two objects in group A, namely SNe 2005el and 2009F at −7 and −5 days respectively. These SNe show different ∆m 15 (B) values and correspondingly distinct spectroscopic properties. While SN 2005el is a normal event, SN 2009F presents fast-declining light curves and belongs to the "Cool" or "CL" type in the scheme of Branch et al. (2006) . The latter SN shows a relatively red spectrum and strong absorptions due to Ti II and O I, as compared with normal SNe Ia. The synthetic spectra provide satisfactory matches to the observations, with small deviations which are not relevant to our analysis of carbon features. The ions producing the main spectral features are labeled (see Table 3 ). In some cases, "detached" components of Ca II and Fe II have been included to reproduce high-velocity (HV) absorption features (Mazzali et al. 2005) .
In the case of SN 2005el (see Figure 4 ), C II can be invoked to reproduce two absorptions observed at about 6300 and 7000Å. The most evident of the two is C II λ6580 which appears sharper in the data than in the calculations. The assumed distribution of C II is slightly "detached" by 500 km s −1 above the photosphere in order to reproduce the location of the lines. The synthetic spectrum without C II (dotted line) fails to reproduce those two features. The identification of two absorptions provides extra support to the detection of carbon (see Section 2.4 for a comparison with other possible identifications). In the blue, only C II λ4745 produces a detectable absorption in the synthetic spectrum. This line roughly matches an observed absorption, although the identification is not clear due to the presence of S II and Fe III lines. Moreover, the synthetic spectrum in that region is dominated by an emission, which makes the identification even more doubtful. As will be shown below in the case of SN 2006ax, this emission could tentatively be suppressed by C III. No evident signature of C II λ4267 is seen in either the observed or synthetic spectra at the expected position.
We refer the reader to a similar analysis done by Thomas et al. (2007) on SN 2006D which is also in group A according to our classification. The authors discuss whether non-LTE effects may modify the relative strength of C II lines to reproduce a strong and sharp absorption at about 4100Å which is not identifiable with any other species.
The case of SN 2009F (see Figure 5 ) is similar to that of SN 2005el. As a consequence of SN 2009F being of the "Cool" type, the main differences in the synthetic calculations are a lower black-body temperature, and larger O I and Ti II optical depths. Additionally, no ion -including C II-is detached from the photosphere. Again the synthetic spectrum with C II provides a better match to the observations than the one without carbon, in particular by reproducing observed absorptions near 6300 and 7000Å, although the apparent width of the C II λ6580 line is too wide in the calculations. The identification of C II lines in the blue part of the spectrum is even more difficult than in the case of SN 2005el due to the presence of strong Ti II lines. Figure 6 shows the case of an F spectrum of SN 2006ax obtained 10 days prior to maximum light. In this case, even if the absorption feature is not evident, a comparison between the synthetic spectra with and without carbon clearly shows that the presence of C II is a plausible explanation for the flat emission component of the Si II λ6355 line. A weak absorption near 7000Å can be associated with C II λ7234, as in the cases of SNe 2005el and 2009F. We thus assume a common origin for the spectral properties of A and F spectra in the range around 6300 A.
Note also in Figure 6 that we have tentatively included C III in the synthetic spectrum. This adds an absorption at about 4500Å due to C III λ4650 which serves to suppress the emission components of Mg II and Si III lines to the blue. As mentioned above, C III can also be invoked to improve the fit in this wavelength region in the case of SN 2005el, as shown in Figure 4 . Although the presence of C III λ4650 has been considered previously in the literature (see Garavini et al. 2004; Branch et al. 2007; Parrent et al. 2011 ), its identification is only tentative because it would require a very high temperature to excite this transition (29.5 eV). It should be noted that more elaborate models, for example those applied to the normal SN 2003du by Tanaka et al. (2011) , do not involve the presence of C III lines even when some carbon is included in the ejecta.
For comparison, in Figure 7 we show the case of an N type spectrum. In this example, we show the spectrum of SN 2004eo obtained at −6 days along with a matching SYNOW spectrum. We see that, as opposed to the A and F cases, the match around 6300Å is good without the need to invoke C II. In a case like this we can confidently say that carbon is not detected. However, as shown in Section 2.2, in other cases classified as N or F?, carbon features may be hidden by noise or blending. at −7 days (black solid line) which belongs to group A, and a matching SYNOW calculation (blue dashed line). The SYNOW synthetic spectrum without carbon is shown for comparison near the C II λ6580 and λ7234 lines (green dotted line). The labels indicate the main ions which contribute to the formation of the observed features. The most important contributors for each feature are labeled closest to the spectrum. Labels above the spectrum indicate that the ion was located "detached" from the photosphere. (Inset) Blow-up of the region around C II λ6580 and λ7234. The SYNOW spectrum containing H I instead of C II is also shown (red dotted line). The expected locations of C II and Hα lines are indicated. While H I can reproduce the absorption at ≈6300Å, C II produces a more solid identification by reproducing both absorptions at ≈6300 and ≈7000Å.
Detection Statistics
Assuming the identification of the 6300Å feature in A and F SNe is C II, we see a remarkably large incidence of unburned material in the current sample. If we consider the objects with spectroscopy obtained before or at −4 days -the age of the oldest A spectrum-, from a total of 32 normal SNe Ia we have nine objects in group A and three in group F. This means 38% of the SNe are in the A or F groups, and 28% in A. Apart from the recent work by Parrent et al. (2011) detection fraction of 30%, previous claims for carbon in SNe Ia spectra have been sporadic (see Thomas et al. 2007; Branch et al. 2007) . As shown below, we think this has to do with the relative scarcity of early-time spectra.
Moreover, we note that the fractions derived above are lower limits because we count as non-detections several cases where the data are not suitable to fully discard the presence of carbon. Below we present three different effects which can work against the detection of C II lines: noise, expansion velocity, and age.
Noise
Clearly, noise in the data can hide weak features such as the ones under study here. In order to quantify the detectability of the absorption at 6300Å, we have performed equivalent width measurements. Strictly speaking, since the location of the actual continuum is unknown, these are pseudo-equivalent widths (pW ). We simply trace a straight line along the absorption feature to mimic the continuum flux. An example of a pW measurement is shown in Figure 8 . The pW is computed as the area of the absorption feature after normalizing the spectrum by a local pseudo-continuum. In cases when no absorption is seen, we derive an uncertainty in the pW value in the region around 6300Å in order to set a 3-σ upper limit. The measured values and upper limits are listed in Table 2 , and shown in Figure 9 .
We can see that, in general, pW 1Å for objects in the A and F groups, and that most of the 3-σ upper limits of SNe with no C II detections lie below that value. However, in several cases the upper limits are comparable to or even larger than the measured pW of objects in groups A and F. This implies that some of the SNe Ia with carbon may have gone undetected because of noise in the spectra.
Expansion Velocity
The higher the expansion velocity, the wider the spread of spectral features in wavelength space, and thus the larger the impact of line blending. In particular, the hypothetical 6300Å absorption, which is much weaker than its neighboring Si II λ6355 line, would become increasingly blended into the red absorption wing of the latter. -Pseudo-equivalent width of the absorption at ≈6300 A which is attributed to C II λ6580. Filled symbols are used for SNe Ia in A and F groups. Open triangles mark 3-σ upper limits for the rest of the spectra in the current sample. Open squares linked with lines show the results for synthetic spectra computed for different masses of carbon in the velocity range 10500 < v < 15000 km s −1 (see Section 2.3).
This would make the detection of carbon problematic when expansion velocities are high.
To illustrate this problem, plotted in Figure 10 are synthetic spectra obtained with SYNOW using different photospheric velocities. For comparison, data of different SNe with approximately matching expansion velocities are shown along with the synthetic spectra. The top synthetic spectrum was tailored to match the observed one of SN 2006D at −6 days. We note that the C II λ6580 absorption in the synthetic spectrum is wider than the observed one, but it reproduces well the observed intensity. This SYNOW spectrum is taken as the fiducial model to produce the rest of the synthetic spectra shown in the figure. In each case we have only varied the photospheric velocity and optical depth of Si II in order to match the location and strength of the Si II λ6355 absorption. Note that we have not attempted to produce an accurate match of each spectrum, but we have only tried to illustrate the effect of Doppler blending.
It is clear from Figure 10 that, when the expansion velocity exceeds roughly 15000 km s −1 , a C II absorption as strong as or weaker than the one of SN 2006D would be very difficult to detect. In the case of SN 2004ef at −6 days, the signal-to-noise ratio of the data makes the detection of the hypothesized C II line barely possible. For SN 2007le at −9 days, we can observe some "wiggles" on the Si II λ6355 emission profile which may be compatible with a C II absorption. These weak features, along with the complex structure of the Si II absorption, disappear by the following observation of SN 2007le obtained at −4 days. This led to our classification of this object as "F?".
The right-hand panel of Figure 3 shows several cases of non-detections of C II for SNe Ia with Si II velocities above 13500 km s −1 . In some of these cases, specifically for SNe 2004dt and 2006X, the expansion velocities are so large that they would hide the weak C II absorption observed in the case of type A SNe Ia. We note that the nature of SN-Ia explosions conspires with this effect against the detection of carbon. This is because expansion velocities are the largest at the earliest phases, which implies that the line blending effect is worst at times when the plausible C II absorption is expected to be strongest (see Section 2.2.3).
As shown in Section 3, none of the spectra classified as A or F show a Si II λ6355 velocity greater than ≈12500 km s −1 . According to the brief analysis based on Figure 10, the detection of the C II λ6580 line could be possible for velocities above that value and up to ≈15000 km s −1 . This may indicate that the lack of carbon detections among spectra within this range of expansion velocities is not exclusively due to the effect of Doppler blending.
Age
All the claimed detections of C II in the spectra of normal SNe Ia, as the ones presented in this paper and in previous publications (Thomas et al. 2007; Branch et al. 2007; Parrent et al. 2011 ), correspond to early-time observations, most commonly between one and two weeks before maximum light. This is mainly because carbon is expected to be present in the outer region of the ejecta which are visible at early phases. This is consistent with the temporal decrease in the strength of the absorption at ≈6300Å, as can be seen in Figure 9 . The case of SN 2008bf, shown on the left panel of Figure 1 , is a clear example of this evolution between −9 and −3 days. An additional spectrum of this SN, obtained at −1 day, is classified as N (see Table 2 ).
Sample statistics further support this picture. Figure 11 shows the fraction of carbon detections as a function of age for the current sample. The fractions are simply the ratio of the number of SNe in group A (or A and F) to the total amount of objects whose spectra cover the region around 6300Å. As we go from −11 to −1 day, the fraction decreases monotonically from about 
30% (40% for A+F) to zero detections.
In the next section we show that some models predict a weaker absorption at ≈6300Å before −11 days, which may lead to a lower detection fraction prior to that epoch. This highlights the importance of early observations in determining the incidence of unburned material in the ejecta of SNe Ia.
The Mass of Carbon
In an attempt to put constraints on the amount of unburned material which is necessary to explain the observed spectral features, we have computed synthetic spectra using the Monte Carlo code developed by Mazzali & Lucy (1993) and updated by Lucy (1999) and Mazzali (2000) . A recent description of the code and its approximations was given in an analysis of SN 2003du by Tanaka et al. (2011) . For that standard SN (Stanishev et al. 2007 ) the authors find that a mass of carbon of M (C) = 6.8 × 10 −3 M ⊙ (mass fraction X(C) = 0.002) in the velocity range 10500 < v < 15000 km s −1 is suitable to explain the suppressed emission peak of the Si II λ6355 line observed at −11 days. More carbon is expected to be present in outer layers, but it would not produce any noticeable effect in the spectrum (see Figure C1 of Tanaka et al. 2011) . The authors set an upper limit of 0.016 M ⊙ for the total mass of carbon in the ejecta of SN 2003du. Based on this configuration we produce two additional models by only changing the mass of carbon in the velocity range given above to four times below and above the fiducial value of M (C) = 6.8 × 10 −3 M ⊙ . The three models are employed to compute synthetic spectra at several phases between −13 and +1 days from maximum light and thus evaluate the effect on the C II λ6580 line. Figure 9 shows the pW of C II λ6580 as a function of SN phase for the synthetic spectra of different carbon mass. As expected, the pW generally grows with mass. The range of observed pW is well represented by the assumed range of M (C). The lowest adopted mass (1.7 × 10 −3 M ⊙ ) would correspond to SNe with no carbon detection, while the largest mass (2.7 × 10 −2 M ⊙ ) roughly matches the strongest observed C II 6580 lines for SNe in group A at about one week before maximum light.
In general, the models confirm the observed fact that the pW of carbon tends to decrease with phase. The exception to this is the increase in pW between the modeled spectra at −13 and −11 days. Close inspection of the synthetic spectra at −13 days shows a strong emission component of the Si II line which washes away the weak absorption due to C II and produces a low pW as compared with that at −11 days. To a lower extent, the C II pW is additionally reduced by the fact that at −13 days part of the carbon lies below the photosphere. Furthermore, a relatively larger expansion velocity at day −13 enhances line blending, thus contributing to the decrease in the measured pW . If this effect were generally valid, one would expect that the fraction of SNe with carbon detection should decrease at phases earlier than roughly −12 days. It should be noted, however, that the adopted model produces a worse match to the observed spectrum of SN 2003du at −13 days than at later phases (see Figure 2 of Tanaka et al. 2011) , especially in the wavelength region under scrutiny here. Unfortunately our data do not cover such early phases and thus we cannot corroborate the results of the model. More early-time spectroscopy of SNe Ia is needed to settle this question.
Hydrogen?
With the aid of SYNOW we have studied alternative identifications for the absorption around 6300Å in Atype SNe Ia. Other ions which may produce such absorption at expansion velocities near the photospheric value are Ne I and H I. The strongest Ne I lines (at 6402 and 6506Å) would only reproduce the absorption at ≈6300 A if the expansion velocity were between 4000 and 9000 km s −1 . Such velocities are lower than those observed for SNe Ia before maximum light.
On the other hand H I is a plausible alternative (Lentz et al. 2002) . H-rich material may be present by mass transfer from a companion star in a singledegenerate progenitor system. If the observed absorption were due to H I this would rule out the double-degenerate scenario for a fraction of SNe Ia.
As can be seen in the inset plot of Figure 4 (dotted lines), Hα at photospheric velocity is able to reproduce the 6300Å absorption as well as C II does. The weaker absorption at about 7000Å is, however, not reproduced. This makes the identification of H I less plausible than that of C II. With the given optical depth for Hα, the expected strength of Hβ is barely detectable, and it is not observed in the data.
We have computed Monte Carlo synthetic spectra including H in order to model the observations. For this purpose we utilized the abundance distribution derived for SN 2003du at −11 days as given by Tanaka et al. (2011) . We added H with mass fraction up to 0.1 in the range of 10500 < v < 15000 km s −1 -i.e., right above the photosphere. We found that the absorption at 6300 A for SNe in the A group can be reproduced with mass fractions X(H) ∼ 0.05 which in this case translates into a total hydrogen mass of M (H) ∼ 10 −2 M ⊙ . This is a very large amount of hydrogen which is incompatible with the theoretical picture of SNe Ia. In the single-degenerate scenario, models of progenitors with mass transfer predict an upper limit of ∼10 −7 M ⊙ , which is set by the ignition mass of H (Nomoto et al. 2007 ). In the doubledegenerate scenario, an even smaller amount of hydrogen is expected.
Alternatively, a mass of the order of 0.01 M ⊙ of hydrogen could be stripped from the companion star in the single-degenerate scenario (Marietta et al. 2000; Pakmor et al. 2008) . However, according to these simulations, the stripped hydrogen is distributed in the inner layers (v < 4000 km s −1 ; Pakmor et al. 2008 ), which are not visible in early-time spectra.
Based on these observational facts and theoretical predictions, even if the 6300Å absorption can be reproduced by hydrogen, we consider this possibility to be unlikely in favor of the C II identification.
SPECTROSCOPIC PROPERTIES
We now compare the spectral properties of the samples of SNe with and without evidence of carbon. We first examine the expansion velocities. Figure 12 shows Si II λ6355 expansion velocities as derived from the blueshift of the absorption minimum. We see that the sample of normal SNe Ia with carbon appear to lie preferentially near the lower edge of the velocity distribution of the complete sample. Si II velocities are below ≈12500 km s −1 in all of these cases. In terms of the classification by Benetti et al. (2005) , none of the SNe with carbon are of high velocity-gradient (HVG) type. Accordingly, none of the SNe with carbon belong to the "Broad Line" (BL) type as defined by Branch et al. (2006) (see also Folatelli et al. 2011) . As explained in Section 2.2.2, the lack of carbon detection when velocities are high may be caused by an observational bias as a consequence of Doppler blending. However, the fact that in our simulations C II lines are expected to be noticeable up to velocities of ≈15000 km s −1 , suggests that the preference for low velocities is real and not completely due to the observational bias. The possible implications of the velocity of carbon on SNe Ia models are briefly discussed in Section 5.
Signatures of carbon are not exclusively found in normal SNe Ia. In our sample, one fast-declining object, SN 2009F, belongs to group A (see Figure 5 ). In the classification scheme of Branch et al. (2006) , this SN is of the "Cool" (CL) type. Three other CL SNe were observed at the range of epochs considered here, with no evidence of C II lines. The two SNe of the "Shallow Silicon" (SS) type with early-time spectroscopy do not show evidence of carbon.
In Figure 13 we present the expansion velocities of the bulk of carbon, measured from the absorption minimum located at ≈6300Å, under the assumption that it is due to C II λ6580. On average, the evolution of C II λ6580 velocities is parallel to that of Si II λ6355 velocities, and lying at ≈1000 km s −1 above. These velocities indicate that carbon appears slightly detached above the photosphere (see Section 2.1). If carbon were left unburned by a spherically symmetric explosion, then it would be expected to only be present in the outermost regions of the ejecta (e.g., Nomoto et al. 1984; Iwamoto et al. 1999 , predict a minimum velocity of 15000 km s −1 ). For current one-dimensional deflagration and delayeddetonation models, no carbon should be left at such low velocities. As discussed in Section 5, multi-dimensional effects may account for the presence of carbon deep in the ejecta.
If the detection of carbon is related to prevalent asymmetries in the ejecta, we would expect to find evidence of other effects of asphericities. In addition to the distinction between LVG and HVG SNe which was suggested as evidence of asymmetries (Maeda et al. 2010c) , another possible effect would be the presence of highvelocity components in the spectra (Tanaka et al. 2006) . As was shown in Section 2.1, at the SN phases studied here, high-velocity components of Ca II and Fe II are commonly seen (see also Mazzali et al. 2005) . Figure 14 shows, however, that the presence or absence of high-velocity Ca II infrared (IR) triplet absorption is not obviously related to the presence of carbon.
3.1. Super-Chandrasekhar SNe As a comparison we examine the CSP spectra of the peculiar SN 2009dc. This SN exhibits strong carbon features in its pre-maximum spectra, which are also present until approximately a week after maximum. From its spectral properties, slow light curves and exceedingly high luminosity, it has been suggested SN 2009dc resulted from a super-Chandrasekhar mass progenitor (Yamanaka et al. 2009b; In Figure 12 we compare the expansion velocities of Si II λ6355 and C II λ6580 derived from the spectra of SN 2009dc to our sample of normal SNe Ia. This figure illustrates SN 2009dc has lower Si II velocities than the normal objects by ≈2000 km s −1 . Interestingly, the relation between C II and Si II velocities that was observed for normal SNe Ia also holds for SN 2009dc. In this case, the bulk of carbon also appears to be located above the silicon layer by ≈1000-2000 km s −1 . From a study Figure 8 ) found a similar agreement of the relative location of carbon and silicon layers. This is an interesting finding because it may indicate that, even if the progenitors may be very different, the explosion produces similar relative distribution for the bulk of these elements.
PHOTOMETRIC PROPERTIES
This section presents a comparative analysis of the photometric properties of SNe Ia with and without signatures of carbon in the early-time spectra. For this purpose, a sample of 32 normal SNe Ia was selected with spectra obtained earlier than four days before maximum light. Twelve of these objects belong to groups A and F, which are the ones considered to show carbon in their ejecta. We base this study on the photometric data published by Contreras et al. (2010) and Stritzinger et al. (2011) . The data were analysed with the SNooPy package (Burns et al. 2011 ) in order to derive light-curve parameters such as times and magnitudes at maximum light, and B-band decline rates (∆m 15 (B); Phillips 1993). Figure 15 (left panel) shows the distribution of lightcurve decline rates, ∆m 15 (B) for both groups. As a reference, we also show the distribution of the complete sample of Folatelli et al. (2011) . The group of SNe Ia with carbon covers a wide range of decline rates, including a fast-declining (1991bg-like) event. The average decline rate of all three samples (i.e., the complete sample, and those with and without carbon) is 1.2 ± 0.3 mag. Unfortunately, the samples sizes are too small to pursue a robust statistical test of the similarity among the distributions.
Decline rate and color
Shown in the right-hand panel of Figure 15 is the distribution of observed (B − V ) pseudo-colors at maximum light for SNe Ia with and without carbon, and for the reference sample. To avoid confusion with the intrinsically-red CL subclass of SNe Ia, we have excluded all SNe with ∆m 15 (B) > 1.65 mag. We can see a tendency in the distribution of SNe with carbon to peak at a bluer color, although the statistics may be affected by the small number of cases. As pointed out recently (Pignata et al. 2008; Wang et al. 2009; Foley & Kasen 2011; Maeda et al. 2011) , SNe Ia with high expansion velocities tend to show redder colors at maximum light. Tanaka et al. (2008) suggested that the underlying cause of the difference in colors between HVG and LVG SNe is a variation in effective temperature which arises from a difference in photospheric velocity. The fact that SNe with carbon are all low-velocity objects may cause the observed difference in the color distributions.
In order to further study possible differences in the intrinsic colors of SNe Ia with and without carbon, we have selected those object in each group which can be considered to have suffered little reddening. Following the criteria of Folatelli et al. (2010b) , we picked SNe that (a) occurred in E/S0 galaxies or that appeared outside the nuclei and arms of spiral galaxies, and (b) which did not show any sign of interstellar Na I D absorption in their early-time spectra. To these we added a few objects whose observed (B −V ) colors one month past maximum light were compatible with the intrinsic color law given in Equation (2) of Folatelli et al. (2010b) . The SNe in this low-reddening sample are indicated with a "Y" in column 8 of Table 1 . Figure 16 shows the relation between color and decline rate for this sample of low-reddening SNe, with and without carbon absorption. Table 4 lists the resulting parameters of the straight-line fits performed on different subsamples. We have adopted a Markov Chain Monte Carlo (MCMC) approach to perform the fits, with a full covariance matrix representation of the uncertainties in (B − V ) and ∆m 15 (B). We have also added an "intrinsic dispersion" term, σ I , to the uncertainties which accounts for the extra dispersion in the data with respect to the straight-line fit. This term is left as a free parameter and its resulting values are given in Table 4 . The "uncertainties" in σ I provide an estimate of the precision to which the MCMC method can determine this intrinsic dispersion. Note that once again the Cool SNe have been excluded by requiring ∆m 15 (B) ≤ 1.6 mag.
As shown in Table 4 and Figure 16 , the relation between color and decline rate for the combined sample of SNe with low-reddening is compatible with the fit given by Folatelli et al. (2010b) . On the other hand, if the sample is divided between those SNe with carbon and those without, a steeper relation is found for the former than for the latter SNe. Based on the posterior probability distributions resulting from the MCMC analysis, we find that the intercepts and slopes of both fits are different at the 80% and 90% confidence level, respectively. We must note that all of the SNe used in the fits -those which are assumed to be unreddened-happen to belong to the LVG class, so the difference cannot be explained by color variations between LVG and HVG SNe. Clearly, this difference must be confirmed using a larger SN sample. 
Luminosity
Now we compare the luminosities of SNe Ia with and without carbon. For this purpose, we compute distance moduli based on the redshifts and assuming a standard Ω M -Ω Λ model of the universe (see Equation (5) of Folatelli et al. 2010b) , which is accurate enough for the range of redshifts in the current sample. To avoid uncertainties larger than about 10% in the distances due to peculiar motions of galaxies in the local universe, the sample is cut by imposing that z > 0.01. Figure 17 shows the histograms of B-band absolute peak magnitudes corrected for Milky-Way and hostgalaxy extinction. In order to derive the latter correction, color excesses E(B − V ) were computed from the differences between observed (B − V ) pseudo-colors at maximum light and the law of intrinsic color versus ∆m 15 (B) provided by Folatelli et al. (2010b) . Color excesses were converted into extinctions by multiplying by a total-to-selective absorption coefficient equivalent to the Galactic average of R V = 3.1. To avoid large uncertainties in the extinction correction, on the left panel of Figure 17 we cut the sample by requiring that (B − V ) max < 0.2 mag, after correcting for MilkyWay extinction. We note an apparent difference in the extinction-corrected peak luminosities in the sense that SNe Ia with carbon are on average fainter than those without, and also than the reference sample. This difference is however A similar effect is seen in the histograms of the righthand panel of Figure 17 , where extinction-corrected, absolute peak magnitudes are shown, this time including objects with (B − V ) max ≥ 0.2 mag, but adopting a low value of the total-to-selective absorption coefficient of R B = 2.74, as derived from Hubble fits by Folatelli et al. (2010b) . The differences in luminosity may in part be due to inaccurate extinction corrections caused by a difference in intrinsic colors as that seen in Figure 16 . If, as suggested by Figure 16 , SNe with carbon show bluer intrinsic colors then the extinction corrections for this group would be underestimated. In fact, if we adopt a different extinction correction for each group of SNe based on the intrinsic-color laws given in Table 4 , the differences in average extinction-corrected peak magnitudes nearly vanish. This may indicate that the differences between both groups are related to differences in intrinsic colors rather than intrinsic luminosities.
In Figure 18 we show the distributions of Hubble residuals in B band, ∆M B . For this purpose, we adopted the parameters of fit 2 in Table 8 of Folatelli et al. (2010b) which correspond to a fit of distance moduli versus ∆m 15 (B) and (B − V ) pseudo-colors. The discrepancy between SNe with and without carbon in this case is seen in the same direction as above, although reduced to 0.08 mag. The mean residuals and their standard deviations are ∆M B = 0.03±0.18 mag and ∆M B = −0.05±0.21 mag for SNe Ia with and without carbon, respectively. Finally, we consider the effect of reddening on absolute peak magnitudes. For this purpose, we take the values of M V at maximum light corrected for decline rate by adopting the slope of fit 7 in Table 9 of Folatelli et al. (2010b) . In Figure 19 we show these corrected peak magnitudes versus E(B − V ) color excesses derived as explained above. With the current sample, we find no evidence of different extinction properties between SNe Ia with and without carbon. The data favors a low value of R V ≈ 2.1 as has been found in previous studies of SNe Ia data.
DISCUSSION & CONCLUSIONS
The most striking result of this paper is the large incidence of carbon lines in SNe Ia. In the CSP sample, we have found evidence of C II λ6580 absorption in at least 30% of the objects, which agrees closely with the findings of Parrent et al. (2011) based on a completely independent sample of publicly-available spectra. The identification of this absorption with other elements, such as hydrogen, is considered unlikely (see Section 2.4). In addition, we have shown that nearly 10% of the SNe Ia in the CSP sample show a suppressed emission component of the Si II λ6355 line, which SYNOW models indicate (Right) Including the complete range of (B − V ) colors, but adopting a low value of R B = 2.74 (Folatelli et al. 2010b) . The shading code is the same as in Figure 15 . Table 8 in Folatelli et al. (2010b) . Shading code is the same as in Figure 15 . may be caused by absorption due to the same C II λ6580 line. Taken together, these results imply that nearly half of all SNe Ia show carbon in their spectra at early phases, a finding that contradicts previous conclusions (e.g., see Thomas et al. 2007; Branch et al. 2007 ). The CSP spectra show clearly that the detection of C II absorption is a strong function of the age, falling from >40% at 10 days before B maximum to zero by the time of maximum itself. These results almost certainly represent a lower limit on the presence of unburned material in SNe Ia since very few events have been observed at even earlier phases. Moreover, low signal-to-noise observations, or line blending when expansion velocities are high, also contribute to the difficulty of detecting the C II λ6580 line. As we have shown, the latter effect can explain at least in part the absence of detectable carbon absorption in members of the high velocity gradient (Benetti et al. 2005) or BL (Branch et al. 2006 ) subclasses found by Parrent et al. (2011) and ourselves. As additional data are obtained at epochs of −10 days or earlier, it will be possible to corroborate whether, as we suspect, the majority of SNe Ia show carbon at some stage of their evolution. The theoretical implications of such findings are potentially large, in particular as pertains to the mechanism by which the 06X 09I 07A Fig. 19 .-Decline-rate corrected V -band absolute peak magnitude versus E(B − V ) color excess for SNe Ia with (circles) and without (squares) carbon. The solid line is a straight-line fit to all the data points, while the dashed and dot-dashed lines correspond to the SNe Ia with and without carbon, respectively. As a reference, the dotted line corresponds to the case of R V = 3.1. All three fits are in agreement with each other and favor a low value of R V . Three SNe with the largest reddening -those which weigh most in the fits-are indicated.
explosive flame propagates inside the WD star.
The second remarkable finding from our study of the CSP spectra and the work of Parrent et al. (2011) is that, assuming that the absorption observed at about 6300Å is due to C II λ6580, then carbon must be present in very deep regions, corresponding to velocities as low as v ≈ 11000 km s −1 , which is right above the bulk of silicon (Mazzali et al. 2007 ). This is well below the expected limit imposed by one-dimensional models, and points directly to large mixing effects and/or possible departures from spherical symmetry or clumpiness.
In spherically symmetric models, irrespective of the details of the flame propagation (deflagration or detonation), the production of a large amount of 56 Ni as typically observed (∼ 0.6 M ⊙ ; see Stritzinger et al. 2006) requires that the strength of the flame -either its speed or the detonation transition density-is high, which must lead to the total consumption of carbon below 15000 km s −1 (e.g. Nomoto et al. 1984; Iwamoto et al. 1999) , and even below 20000 km s −1 in detonation models (e.g. Shigeyama et al. 1992) . The situation is different for non-spherical models. For example, the off-center ignition model of Maeda et al. (2010b) (see also Kasen et al. 2009 ) synthesizes 0.54 M ⊙ of 56 Ni, despite the relatively low density at which the detonation is triggered. The low transition density in their model results in less burning in the outer layers, and thereby the existence of carbon with a mass fraction of ∼ 0.1 at velocities as low as ∼13000 km s −1 . This is still larger than the observed velocity, but suggests that the non-spherical effects may be important in understanding the detection of carbon deep in the ejecta. This argument is based on the effect of a global asymmetry produced by the off-center ignition. Similar conclusions may be reached from possible effects of mixing or clump formation in multi-dimensional models.
The observed rate of carbon detections could thus provide information on the distribution of C-rich material, and the amount and size of the clumps. Unfortunately, the current uncertainties in the detection rate complicate these geometrical considerations. Nevertheless, if carbon were present in a single clump or asymmetric blob, the tight dispersion in expansion velocities of C II λ6580 compared with silicon observed in Figure 13 would be surprising (see also Parrent et al. 2011) .
In view of recent results which connect asymmetries in the ejecta with the observed spectroscopic and photometric diversity (Maund et al. 2010; Maeda et al. 2011) , it is worth studying possible connections with the presence of unburned material in the ejecta. Breaking our sample of CSP SNe Ia into two groups depending on the presence or absence of high-velocity components of Ca II absorption -a possible indicator of asymmetry (Tanaka et al. 2006 )-we find no significant distinction in the frequency of detectable carbon. There is an indication in our data that SNe Ia with carbon show slightly bluer colors and lower luminosities at maximum light when compared with the rest of the sample. These are interesting hints of a possible origin of the observed diversity arising from incomplete burning which may be related to the asymmetry scenario of Maeda et al. (2011) , but the statistical significance of these results is limited by the sample size.
As shown in Section 2.3, modeling indicates that low masses of carbon in the range M (C) ∼ 10 −3 -10 −2 M ⊙ are enough to reproduce the observed spectral features, although high-velocity components, undetectable due to blending with the Si II λ6355 line, could increase this value by as much as an order of magnitude (Tanaka et al. 2011) . Such small amounts of unburned material would make it difficult to detect other possible signatures in the observations. For instance, the non-detection of C I features in near-infrared spectra reported by Marion et al. (2006) could be explained by abundance and ionization state considerations (Tanaka et al. 2008) .
Another interesting possibility is an enhancement of oxygen versus magnesium in SNe which suffered less complete burning. While oxygen may in part be primordial, magnesium is only a product of carbon burning. Determining the distribution of these elements in the outer ejecta may shed light on the evolution of the burning process (Mazzali et al. 2008 ). This could be attained with a temporal followup of the dominant spectral lines of these species, which at early times are those of O I and Mg II. Unfortunately, the study of such lines is complicated from an observational viewpoint. The main O I line at optical wavelengths usually coincides with the telluric A band, which makes it difficult to obtain an accurate measure of its strength from the ground. Other O I and Mg II lines appear blended with each other or with lines of other elements (e.g, see Figure 4 ). In this sense, the study of near-IR spectra may offer the possibility of finding isolated oxygen and magnesium lines (Marion et al. 2009 ). Figure 11 clearly shows that the definitive assessment of the incidence of unburned material in SNe Ia require a survey of early-time spectra -obtained at least ten days before maximum light-covering the region of the C II lines. High signal-to-noise data are required in or-der to explore the possible presence of carbon in highvelocity SNe Ia, in particular by observing the relatively unblended but weak C II λ7234 line.
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